The report deals with the development of an accurate and rapid method of determining moisture permeability through protective coatings using radiochemical techniques. It demonstrates that the radiochemical method, as compared to the ASTM Standard Method, is precise, sensitive and rapid. This method has been used to analyze variables which may have a significant effect on the moisture permeability of paint films. The vai iables onalyzed include film thickness, vapor pressure, temperature, generic type of vehicle, type of pigment, pigment concentration, and moisture "diMwöTiftT tluuwfrej vapor form.
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INTRODUCTION
The Naval Facilities Engineering Command is responsible for the operation and maintenance of the many structures throughout the Naval Shore Establishment. These structures are subject to corrosion and deterioration from their natural environment and must be protected to minimize this deterioration and resultant costly repairs. Corrosion of metal costs U. S. military and civilian establishments in excessof 10 billion dollars annually. 1 It is a well-established 2 '^ and recognized fact that metal corrosion is electrochemical in nature, and detailed discussion is not necessary on this basic subject. In short, metal must be in contact with or immersed in water in order for corrosion to take place. The rate of the corrosion is dependent on the amount of dissolved oxygen available at the cathode. Since practically all electrochemical or common corrosion processes require the presence of water or water vapor, it should be possible to prevent or reduce corrosion by isolating metallic surfaces from water or water vapor.
Painting is the most widely used method for minimizing corrosion of large surface areas because of the simplicity of application and the comparatively low initial cost. Paints, however, have inherent deficiencies that allow water or other corrosive materials to penetrate the film to the substrate in varying degrees and eventually affect the protection provided by coatings. Therefore a study of the mechanism of water vapor permeation through paint films should help in understanding the limitations of such films, aid in improving them, and thus contribute to corrosion control.
BACKGROUND
Though the permeability of paints and other coatings to moisture has been studied, 7 " 12 the resulting data have not been adequate. This is largely because of the difficulty of measuring the quantity of water vapor diffusing through a film. The quantity is usually too minute to be measured accurately by chemical means, and the diffused vapor is not in a form which is readily determinable by the usual analytical methods. For example, the method given in the American Society tor Testing Materials (ASTM) Standard D1653-62T involves the determination of the weight lost when a quantity of water passes through a sample film under a certain set of conditions; but the method does not allow for such factors as the effect of varying temperature and pressure on vapor diffusion, and is therefore not as accurate or as versatile as desired. Furthermore, the ASTM method does not yield results in a reasonably short time because the weight of water vapor passing a membrane is too small to be measured in a period of le^o than a week. Even after such a period, the accuracy is less than desired.
Accordingly, a study was undertaken by the Naval Civil Engineering Laboratory (NCEL) to develop a new and improved method for measuring water vapor diffusion through point films. The method was to be based on the use of tritiated water as a tracer. With such a technique, the permeability coefficient of widely differing coatings could be measured, it was believed, with a high degree of speed and accuracy.
APPROACH
The mechanism of vapor diffusion through an organic membrane such as paint is not a simple diffusion process as it is in a porous material. According to accepted theory, 7, 13 permeation through an organic membrane occurs in three stages: (1) condensation of water vapor on and dissolving into one side of the film, (2) diffusion through the film, and (3) evaporation from the other side. Because of the transfer mechanism of solution and diffusion, the permeability of the vapor is a product of its diffusion coefficient through the membrane and its solubility in the membrane. This is mathematically expressed as 7, 13 P r = DS
(1)
where P r = Permeability (gm-cm/cm 2 /hr/cmHg) D = Diffusion coefficient (cm 2 /hr) S = Solubility of penetrant (gm/cm 3 /cmHg)
The driving force for water vapor diffusion through the membrane is the vapor pressure difference between its two faces. The amount of water vapor, Q, diffusing through a given membrane at a given temperature is dependent upon the effective area, A, the thickness, d, the vapor pressure differential between the faces of the membrane, Ap, and the time, t, according to the following one-dimensional steady-state equation 7, 14 from Pick's Law:
The permeability, P r , which characterizes the water vapor transmission resistance of the membrane under consideration, is dependent upon the nature of both membrane and the permeating vapor. It is interesting to note that Equation 2 is completely analogous 13 to the basic heat conduction equation,
in which permeability, P r , is analogous to conductivity, K, and the partial pressure difference, Ap, is analogous to the temperature difference, AT. The NCEL studies were aimed not only at developing a new radiometric method but at investigating the basic factors affecting water vapor transmission. The validity of the linear dependence of the amount of diffusing water vapor, Q, on vapor pressure and inverse linear dependence on membrane thickness were to be examined. The validity of the independence of permeability, P r , from varied vapor pressures, thicknesses, and temperature of the film were also to be investigated.
EXPERIMENTAL
Apparatus
Diffusion fell. A diffusion cell was designed and is shown in Figure 1 . The cell was made of plexiglass and pyrex tubing. Each half consisted of a water mantle (C) and an exposure chamber (D). The water mantles maintained the desired temperature in the chambers and in the sample membrane during experiments. The sample membrane was placed between two fine copper gauzes (F). The gauzes gave even support to the membrane while protecting it from damage which might occur by a sudden change in pressure between the two chambers. An O-ring (G) and a rubber gasket (H) were used for sealing the two halves of the cell. By tightening a screw with moderate fingertight force, a high-vacuum seal was obtained. The lower chamber was provided with a thermocouple probe (I) that enabled sn experimenter to monitor the temperature of the membrane directly rather than relying on the water mantle temperature. When the cell was assembled, the exposed portion of the sample membrane was 20 cm 2 .
Vacuum System. The next step was to construct a system ( Figure 2 ) that would make it possible to maintain a known constant pressure of water vapor on the surface of the membrane. Otherwise the permeation rate would vary and Equation 2 could not be used.
<
The vacuum system was fabricated from high-vacuum grade pyrex. A vessel (3), designed to contain tritiated water, was connected through a T-shaped stopcock (4) to the lower half of the diffusion cell (1) and to one arm of a mercury manometer (6) . The other arm of the manometer was connected to the upper half of the diffusion cell (2) . The manometer thus provided direct reading of vapor pressure differential between the two faces of the sample membrane. Furthermore, the manometer was equipped with a temperature-regulating device (7) connected to the heater for the tritiated water in the vessel (3) to control the vapor pressure within the system. Coiled nichrome wire (18) prevented condensation of tritiated water vapor within the pyrex tubing by maintaining the temperature above the dew point at all times.
The vacuum system was designed in such a way that the diffusion cell, the manometer, or other elements could be disconnected from the assembly by the use of stopcocks, as shown in Figure 2 .
Procedure
Unpigmented alkyd membranes of varying thicknesses were studied in the apparatus. The diffusion cell containing the sample membrane was mounted in each case on the vacuum system as shown in Figure 2 . Tritiated water of known activity (approximately 15 microcuries per ml) was placed in the container vessel (3). The entire system was evacuated prior to the experiment.
Tritiated water vapor from the container vessel (3) was admitted into the manometer (6) through the T-shaped stopcock (4) ( Figure 2 ). As soon as the desired vapor pressure was obtained as indicated by the manometer (6), the tritiated vapor was admitted into the lower half of the diffusion cell (1) through the same stopcock (4). This was the initial time (t = 0) of the experiment.
The stopcock of the receiving tube (10, 11, or 12) , which was immersed in coolant, was then opened to condense and freeze out any tritiated water vapor which passed through the sample membrane. Freezing of the receiving tube insured a constant pressure difference between the two faces of the membrane, since any vapor which passed through the membrane would be condensed and frozen in the receiving tube.
After a predetermined length of time between 1 and 2 hours, the vessel (3) was isolated from the rest of the system by turning the T-shaped stopcock (4) ; that time was recorded as the end of the experiment.
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Vapor from the warmed absolute alcohol in tube (8) was then released into the upper half (2) of the diffusion cell to purge it of any residual tritiated water vapor, the vapor being carried to and condensed in the receiving tube.
The receiving tube containing the condensed tritiated water vapor was then removed from the vacuum system. The activity of the water vnpor was counted by a liquid scintillation spectrometer. The amount of vapor that diffused through the sample membrane was used to calculate the diffusion rate, R, in mg/cm 2 /hr and the permeability constant, P,, for the membrane in mg-mm/cm 2 /hr/cmHg by means of the following formulas: In order to reduce the random error of counting to less than 1% at the 95% probability level, each sample was counted to register 40,000 or more counts per measurement. A minimum of five condensates was collected for analysis after a steady rate of diffusion was attained Counting efficiency, k, of the liquid scintillation counter was determined by applying the channel ratio method described by E T Buch ,4 Processing of the results was greatly simplified by use of computer techniques. The liquid scintillation spectrometer was loaded with up to 100 samples, and each sample was counted as many times as described The number of counts from each channel was automatically put on punch cards. The punched cards were fed into the computer along with other essential data The computer printed out in tabular form the counting rate, channel ratio, counting efficiency, diffusion rate, and the permeability constant of each sample.
J Comparison of Radiometrie and ASTM Test Method
The water vapor diffusion rate cbtaindd by the new method was compared with that obtained with the same films using the ASTM Standard Method (D1653-62). The Standard Method employs a permeability cup that consists of two parts a shallow flanged cup and a flat ring matching the flange on the cup. Water is poured into the cup. and the film under test is held tightly between the cup and the ring by means of clamps.
The cup. so assembled, was placed in a desiccator and weighed every 24 hours for a periud of 1 week. Phosphorous pentoxide was used as the desiccant. The desiccator was placed in a well ventilated room where the temperature was maintained between 70^ and 85 0 F The diffusion rate of water vapor passing through the film was determined from the weight-loss rate.
Since the amount of moisture diffusing through a film is affected by the thickness of the film, as previously noted, and since it is very difficult if not impossible to produce films of exactly the same thickness, the films used in the ASTM Standard Method test were first used in the radiochemical experiments.
A comparison of the diffusion rates obtained by the radiochemical method and by the ASTM Standard Method is given in Table 1 . The coefficients of variation, Cv. obtained by the ASTM Standard Method were considerably larger than those obtained by the radiochemical method.
The greater precision of the radiochemical method was determined by the F-test. The F test is a statistical measure used to compare the precision of two sets of measurements by taking the ratio of two variancesthe variance obtained by using the radiochemical method over the variance obtained by using the ASTM Standard Method When the ratio of the variances exceeds the critical value ot F. which is obtained from the statistical table F. it implies that there is indeed a significant difference in precision between the two systems.
In the NCEL experiments, the critical value of significance. F, at the 95% and 99 9% levels was 3.37 and 5 30. respectively. The F ratio obtained. 19 78. greatly exceeded the above two critical values. This indicated that the NCE L radiochemical method was considerably more precise than the ASTM Standard Method
The sensitivity of the measuring system employed in the radiochemical method can be increased to measure as low as 1 jig or less . whereas the analytical balance used in the ASTM Standard Method is accurate only to 10.1 mg mm Results are more rapidly attainable by the radiochemical method. Once a steady state of flow is attained, the diffusion rate can be measured in a shorter time (1 to 2 hours) during a period of 1 day, the ASTM Standard Method requires readings at 24-hour intervals 'luring a period of 1 week.
The new radiochemical method permits the separate control of various parameters, whereas the ASTM Method does not. With the radiochemical apparatus, precisely monitorable vapor pressure differential and temperature provide the means of examining separately the effects of vapor pressure and temperature on the permeability of films, it is not possible to monitor temperature by the ASTM Standard Method without affecting vapor pressure.
Further details of the sample preparation, the computer program, the AEC regu ^tion, and the reliability of the counting system are described in Reference 15.
ANALYSIS OF VARIABLES AFFECTING PERMEABILITY OF PAINT FILMS
Effect of Thickness
Equation 2 states that the amount of water, Q, diffusing through a permeable membrane at a given temperature is inversely proportional to thickness d and that the permeability constant, P r , is independent of thickness d. This inverse linear dependence of Q on thickness d was studied by testing a series of unpigmented films (alkyd TT-R-266 Type II and polyamide cured epoxy) of different thicknesses. The films were prepared, and the diffusion rates and permeability constants, P r , were determined as described earlier. All sample films were subjected to a vapor pressure difference, Ap, of 2.0 cmHg at a temperature of 30 o C during the measurements. The rate of the moisture diffusing through the membrane increased inversely with the film thickness, d, in both types of films as shown in Table 2 . The effect of the film thickness on the diffusion rate rapidly diminished as the film became very thick. The moisture diffusion rate was reduced to half as the epoxy film increased from 1 mil to 2 mils, whereas very little change in the diffusion rate was observed when the epoxy film was increased in thickness from 8.8 mils to 19.3 mils as shown in Figure 3 . The data obtained from samples less than 1-mil thick were not reliable, no doubt because of difficulty in preparing such thin films without pin holes or other defects. Since only two generic types of film, alkyd and epoxy, were tested, it is not established here whether all other types of films would behave similarly, but it is a reasonable assumption that they would differ only in degree as suggested in Figure 3 .
The average permeability constants of the alkyd and of the epoxy films were 4.208±0.180 and 0.978± 0.062 Mg-mm/cm 2 /hr/cmHg, respectively, at the 95% confidence limit. This means that 19 times out of 20 the average permeability constant, P r , will lie within the above range.
However, data in Table 2 show that the permeability constants, P r , of the alkyd films fluctuated more than did those of the epoxy films. If the permeability constant, P r , is independent of thickness, then the plot of the diffusion rate versus 1/d (inverse thickness) should be a straight line passing through the origin with a slope of P r (A Ap), because area A, vapor pressure difference Ap, and temperature were maintained constant during the experiment. The plots of diffusion rate for progressively thinner alkyd films deviated from the expected straight line, as determined by step-wise linear regression analysis (STRAP), while plots of diffusion rate for the epoxy films were as expected a straight line passing through the origin (see Figure 3) . 
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This indicates that the independence of the permeability constant from thickness is valid only for some types of films. Equation 1 states that the permeability constant, P r , is a product of its diffusion coefficient, D, and the solubility, S, in the membrane, it follows that the independence of the permeability constant from thickness is no longer true if the film is made from materials that absorb much water and swell, or is hydrophilic in nature. This is demonstrated by the alkyd films which are more hydrophilic than the epoxy films. 
Effect of Vapor Pressure
Equation 2 states that the amount of water, Q, diffusing through a membrane is directly proportional to the vapor pressure difference, Ap, and that the permeability constant, P r , is independent of the vapor pressure difference, Ap. This linear dependence of Q on vapor pressure difference Ap was examined by subjecting two types of 2-mil-thick unpigmented films (alkyd and epoxy) to a series of vapor pressure differences, Ap, at a constant temperature.
The results of the diffusion rate and the permeability constant are given in Table 3 . They show that the diffusion rato of both films, alkyd and epoxy, increased with vapor pressure difference, but the diffusion rate increased much more rapidly as the vapor pressure difference increased as shown in Figure 4 . Here again, as mentioned in the preceding section, it is not established that all other generic types of films will behave similarly, since only two types of clear films (alkyd and epoxy) were tested. However, it can be reasonably assumed that most other types of paint films will behave similarly. It would be desirable, if time permited, to use many other different generic types of films in this type of study, since so many different types of coatings have been developed in recent years.
The average permeability constant, P r , of the alkyd and epoxy films was 3.478±0.333 and 1.024±0.110 jig-mm/cm 2 /hr/cmHg, respectively, at the 95% confidence limits.
Examination of Table 3 reveals that the permeability constant of each film, alkyd and epoxy, seems to increase with an increase in vapor pressure difference. If the permeability constant is independent of vapor pressure change as stated in Equation 2, then a plot of the diffusion rate versus vapor pressure difference would be a straight line passing through the origin with a slope of (P r A)/d. However, the plot for the alkyd films, determined by STRAP, shows considerable deviation from a straight line as the vapor pressure difference increased, whereas the plot for the epoxy films deviated slightly.
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•^» This indicates that the permeability constant of the alkyd film is not independent of vapor pressure difference. The permeability constant of the epoxy film was also affected by vapor pressure difference but to a lesser degree as shown in Figure 4 . A statistical analysis, F-test, was performed to ascertain whether the varying values of the permeability constant were due to the standard deviation of individual measurements or due to the existence of true differences among the permeability constants. For 3 and 16 degrees of freedom, the critical F-value at the 0.01 level was 5.29 for the alkyd, and for the epoxy film for 2 and 12 degrees of freedom, the critical F-value at the 0.01 level was 6.03. The F-ratios obtained, 14.82 and 12.04 for alkyd and epoxy respectively, exceeded their critical values. This indicates that the fluctuations among the permeability constants are not solely due to the standard deviation of individual measurements but due to a true difference among the permeability constants. Hence the permeability constant of both films, alkyd and epoxy, indeed increased as the vapor pressure increased.
The deviation from independency of the permeability constant from vapor pressure becomes more apparent with films which are more hydrophilic, as shown by the greater deviation of the alkyd film, which is more hydrophilic than the eopxy film. This phenomena may be explained by Equation 1 which states that the permeability constant, P r , is a product of the diffusion constant, D, and solubility S, whereas solubility S is a function of kP as stated in Equation 6 of Henry's Law 7 '
10,16 S = kP (6) where k = Solubility constant P = Partial pressure of the penetrant Thus, if solubility S is pressure dependent, then the permeability constant, P r , will also be pressure dependent as the results of this study appear to corroborate.
Effect of Temperature
The effect of temperature on the diffusion rate and the permeability constant of the alkyd and epoxy films, 1.4-and 2.0-mil thick respectively, were tested by subjecting the films to a series of different temperatures while maintaining vapor pressure constant at 3.0 cmHg. The results are given in Table 4 Within the range of temperatures tested, the diffusion rate of the alkyd films appeared unaffected while that for the epoxy film increased slightly with temperature as shown in Figure 5 . The average diffusion rate of the alkyd film was 323.29± 4.99 /ig/cm 2 /hr at the 95% confidence limits. The coefficient of variation was 5.54% which indicates that the effect of the temperature on the diffusion rate was negligible. The average diffusion rate of the epoxy film was 47.00± 4.56 /ig/crn 2 /hr at the 95% confidence limits. The coefficient of variation was 23.54%, which indicates there is a measurable dependence of diffusion rate on temperature for the epoxy film.
The average permeability constant, P r , of the alkyd film was 4.186±0.142 Mg-nnm/cm 2 /hr/cmHg at the 95% confidence limits. The coefficient of variation was 9.02%, which indicates that the permeability constant of the alkyd film was independent of the temperature change. The average permeability constant, P r , of the epoxy film was 1.183±0.115M9-mm/ cm 2 /hr/cmHg at the 95% confidence limits. The coefficient of variation was 22.87%, which indicates a somewhat larger fluctuation of the permeability constant. The constant appeared to increase with an increase in temperature as seen in Table 4. 15 The results of the above experiments differ from those of other researchers 17 who have stated that the permeability as much as doubled for a 10 o C rise in temperature. Since the permeability, P r , is proportional to the product of solubility, S, and the diffusion constant, D, as stated earlier in Equation 1, the effect of temperature on permeability is presumably twofold. The first effect is upon the solubility, S. During the diffusion process, water vapor first condenses on the surface of the membrane as part of the solution process. Since the condensation process of the water vapor is exothermic, the solubility of water in the polymer at the constant vapor pressure should decrease as temperature incre'ises. The second effect of temperature is on the diffusion constant, D. Since the diffusion is an activated process, 7,10 ' 17 the diffusion rate of water in the polymer increases as temperature increases. The trend of these two parameters to vary in opposite directions leads to an anomalous and puzzling variation of the permeability with temperature. However, as the temperature is raised further, the rate of increase of the diffusion constant, D, becomes greater than the rate of decrease of solubility, S, 10 and, as a result, the permeability begins to increase with an increase in temperature, as this study appears to corroborate.
Effect of Vehicle Composition
A number of compositional and structural variables of polymers affect their permeabilities, diffusivities, and solubilities. The most obvious compositional variable is the generic type of the polymer. The results show the permeability of each film to be characteristic of its vehicle, each having a different value for the permeability constant (see Table 5 and Figure 6 ). Of the six vehicles examined, the alkyd vehicle produced the most permeable film while the epoxy material produced the least permeable film. The permeability of the alkyd films modified with silicone and styrene were reduced considerably in comparison to the alkyd film, as shown in Figure 6 . This indicates that the introduction of other functional groups into the polymeric structure changes either the diffusion coefficient, D, or the solubility of penetrant, S, in Equation 1, or both, and therefore affects the permeability constant, P r , of the membranes. The overall results indicate that the permeability of polymer films to moisture is highly dependent on the generic type of the film. 
Effect of Pigment Concentration
The addition of pigment to a coating vehicle generally reduces the permeability of the resultant film in two ways First the pigment reduces the available cross section per unit area for .vaier molecules to permeate into the film. Second the pigment increases the length of the path through which the water molecule must diffuse. 
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> TS thinner and drier, was mixed and ground with each concentration of pigment in a laboratory type ball mill until a fineness of grind between 6 and 7 was obtained The epoxy vehicle, together with a thinner and a pigment of known concen tration, was mixed in the same manner using a laboratory type ball mill. The proper amount of hardnef was added to the epoxy vehicle before drawing down tne film on a photographic paper The pigmented free films were prepared and the permedbthty constants were determined in the usual manner The temperature and vapor pressure were maintained at 3CPC and 2 0 cmHg. respectively, during the experiments.
The results in Table 6 and Figure 7 clearly show that the permeability constants of the alkyd films decreased as the pigment concentration increased The results with the epoxy films, however, showed no decrease in the permea bihty constant with pigment concentration On the contrary, the permeability constant of the ptgmented epoxy films increased somewhat from those of the unpigmented epoxy films (see Figure 7) . The results of the migration studies for alkyd and epoxy films appear to indicate that increasing the pigment concentration effectively dpcreases the permeability of films which are more hydrophilic in nature (such as the alkyd films), while increasing the pigment concentration does not reduce the permeability of vehicles which are more hydrophobic in nature (such as epoxy films). Most of the pigments are crystaline and dense but vary in water sensitivity. Polymers containing such hydrophobic (non-polar) pigments tend to lower the permeability below that of the unpigmented polymer. However, there are a number of inorganic pigments which are rather polar and hydrophilic in nature. Hydrophilic pigments tend to be incompatible or form agglomerates when mixed with hydrophobic polymers. 10 These pigments tend to adsorb water molecules at the pigment-vehicle interface when mixed with the polymer vehicle. Under these conditions, adsorbed water will migrate more rapidly through this interfacial path by surface diffusion. 7 The permeability of these pigmented films will therefore be much greater than the permeability through identical unpigmented films. Epoxy resins generally do not wet pigments as readily as alkyd resins. As a result, it might be predicted that the permeability of pigmented epoxy films would be greater than that of the unpigmented films, as this experiment shows. The addition of small quantities of dispersing surfactants or wetting agents could decrease the permeability and improve the durability of a paint film, when the addition of pigment alone causes an increase in the water permeability.
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Effect of Pigment Type
The effect of various pigments on the permeability of paint films was analyzed by determining the permeability constant of pigmented films. Two types of vehicles, alkyd and epoxy, were mixed with one of the following pigments: red lead, zinc yellow, iron oxide, and titanium dioxide. Each vehicle was mixed with equal amounts by weight of pigment in a laboratorytype ball mill. The pigmented free films were prepared and permeability constants determined in the same manner as described in previous sections. The temperature and vapor pressure were maintained at 30 o C and 2.0 cmHg, respectively.
The results show that the permeability of alkyd films to moisture was reduced considerably by all pigments compared to that of the unpigmented alkyd films. Some of the pigments, however, reduced the permeability constant more effectively than others, as shown in Figure 8 . On the other hand, incorporation of pigments into epoxy films caused the water permeability of the film to increase slightly more than that of the unpigmented film. (See Table 7 and FigureS.) The results suggest that the pigmtnt volume concentration is not the only factor affecting the permeability of films to moisture. If the permeability of films is a function of pigment volume concentration, then ^he zinc yellow pigment should form the least permeable films because it is the bulkiest pigment among those tested (see Table 8 ). However, the zinc yellow pigment did not form the least permeable film when compared to films containing other pigment. This was the case for both the epoxy and the alkyd resins, (see Figure 8 ). Table 8 shows that zinc yellow is the most water soluble pigment among the four pigments tested. Iron oxide was bulkier than titanium dioxide, yet titanium dioxide reduced the permeability of both resins much more effectively than did the iron oxide. Therefore, twice as much red lead is required by weight to give the same pigment volume concentration as for titanium dioxide. However, the curve in Figure 7 for a red lead pigmented alkyd indicates that only 60% by weight of red lead is required to give the same permeability constant as that found for an alkyd film pigmented with 50% by weight of titanium dioxide; that is, 2.6 /ig-mm/cm 2 /hr/cmHg (from Table 7 ). Thus, a red lead pigmented alkyd will give the same permeability constant at a lower pigment-volume concentration than a titanium dioxide pigmented alkyd.
The above results appear to indicate that the solubility or affinity of pigments for water is one of the main factors that affect the permeability of a pigmented film. If the pigment is water soluble or has a high water adsorption capacity, the pigment in the polymer can adsorb water molecules at the pigment-polymer interface as stated in the preceding section. If this occurs, hydrophilic pigments wih form the path of least resistance for water diffusion in the bulk of the polymer-pigment composite. This will cause higher water permeability in polymers containing hydrophilic pigments compared to the polymers with hydrophobic pigments.
These results suggest that the permeability of pigmented film can not necessarily be predicted on the basis of pigment-volume concentration alone. The permeability of a given generic type of film to water may be increased or decreased significantly, depending on characteristics of the pigment such as size, solubility, chemical composition, compatibility with the particular polymer, and the degree of pigment dispersion in the polymer. Poor compatibility, poor dispersion, and the highly hydrophilic nature of certain pigments in polymers can lead to films of poor moisture resistance.
Effect of Moisture in Liquid Form and Vapor Form
Painted surfaces are often exposed to submerged environments, as well as to the atmosphere. Therefore, knowledge of the effect of moisture in both liquid and vapor forms on the permeability of coating films becomes of practical importance.
Measurements of moisture diffusion in the vapor form through a clear membrane using the radiometric method have already been described. The data are repeated here for purpose of comparison. The vapor pressure and temperature were maintained at 2.0 cmHg and 30 o C, respectively. Diffusion of moisture in the liquid form through a clear membrane was measured in a somewhat different manner. The diffusion cell was detached from the permeation apparatus (Figure 2 ) and the upper half of the cell was filled with tritiated water so that there was direct contact between the tritiated water and the sample membrane, as shown in Figure 9 .
The experiments were conducted at ambient atmospheric pressure rather than in a vacuum as in the previous experiments. The temperature was maintained at 30 o C. Any tritiated water which diffused through the sample membrane was condensed and frozen out in a receiving tube. The condensed moisture was mixed with ethyl alcohol and the scintillation liquid and activity counted by a liquid scintillation counter in the manner described in the experimental section.
The diffusion rate and permeability constant of the films were calculated by Equations 4 and 5. To calculate the permeability constant of moisture in the liquid form, the parameter, Ap, was eliminated from Equation 5 . Because of this, the resulting permeability constant of the films by moisture in the liquid form is not strictly comparable with the results obtained from the experiments using water vapor.
The results are given in Table 9 . They show that moisture in the vapor form premeated through a clear membrane at a much faster rate than water in the liquid form. These results may be explained by the fact that the large number of water molecules in the vapor form exist as unassociated molecules, H 2 0, while water molecules in the liquid form probably exist mainly as larger associated molecules, (HjO^. This large associated molecule has far more difficulty in passing through the interstices of a polymer membrane than the unassociated molecules of water in the vapor form. The diffused water molecules can be condensed with relative ease in a vacuum as compared to condensation under an atmospheric condition. This is presumably due to the fact that water molecules in a vacuum undergo fewer collisions with air molecules during their condensation. In a vacuum, the desired vapor pressure difference between the two faces of a sample film was established instantly, whereas a much longer time was required to obtain the desired vapor pressure difference under ambient atmospheric condition. The presence of air in the lower half of the cell thus inhibits the moisture diffusion, resulting in a lower permeability of moisture in the liquid form. 
SUMMARY
A method for measuring the permeability constant and the diffusion rate of water vapor through various polymer films by the radiochemical method haa been described. It demonstrates that the radiochemical method, as compared to the ASTM Standard Method, is very sensitive, rapid, and precise. The diffusion rate, once a steady si its of flow is attained, can be measured in shorter time intervals (1 to 2 hours) over 1 day, whereas the ASTM Standard Method requires readings at 24-hour intervals over 1 week. The sensitivity of the above counting system can be increased to measure down to 1 /ig or less, whereas the analytical balance used in the ASTM Standard Method is accurate to ±0.1 mg. Further, the radiochemical method is versatile in the investigation of other important parameters that influence the permeability of water vapor. Such versatility is not possessed by other reported radiochemical methods 18 " 21 or by the ASTM Standard Method for moisture migration.
As paint technology advances, new and better paints are constantly being marketed. Therefore, the paint study conducted here is by no means complete, and the results obtained do not represent the behavior of all other types of films. 
